Daylighting has been considered as a major part of sustainable buildings for saving electric lighting and providing benefits such as, health, visual comfort, and productivity of the occupants. A daylighting system enables the sunlight to capture and deliver it in the interior spaces that cannot be illuminated through windows. Previously, small-scale daylighting systems have been presented using active and passive techniques. This paper presents a daylighting scheme to illuminate the interior of a multi-floor building. Traditional light pipe-based systems are lacked to achieve a high concentration of sunlight for illuminating the interior of a multi-floor building. Here, a highly concentrated light pipe-based daylighting system is presented using heliostats. The daylighting system includes heliostats, light pipe, and light guide to collect, transmit, and distribute the light in the interior of the multi-floor building, respectively. The light guide is made of a reflective film and a prismatic optical film for distributing the light in the interior. Heliostats track the sun and reflect the light towards a circular flat mirror, which inserts the light into the light pipe. To transmit a portion of the light into the light guide for illuminating the interior of each floor, a redirecting mirror is placed at the inlet of the light guide inside the light pipe. Simulation results have shown that an efficiency of 40% is achieved providing almost uniform illumination in the interior.
Introduction
One of the objectives of green buildings is to utilize sunlight at daytime for indoor illumination, which would help to reduce greenhouse gas emission. Electric lighting energy consumption can be displaced by daylight for providing high quality illumination and saving energy. Electric lighting energy usage in commercial and industrial buildings approaches to 40-50% and 10-20%, respectively [1] . Daylight can be provided through windows, but light level decreases rapidly as the distance from the window increases. As a result, some interior areas may not fulfil the illuminance level and remain dark. Daylight building can reduce energy usage by 50-80% if efficient methods are utilised [2] . Electric lighting consumption using daylight and lighting dimming and control system can be reduced by 50-70% [3] . A research has shown that a room with window entails 70% supplementary electric lighting, irrespective of the outdoor lighting conditions [4] . Here, daylighting system fulfils this requirement by providing sunlight in the interior at daylight hours.
Daylighting has two main categories: passive and active. In passive daylighting, additional electricity is not required (e.g., light through windows and stationary reflectors). Active daylighting systems are more efficient than passive systems; however, they require additional power for controlling operations (e.g., sun tracking). To collect sunlight, imaging and nonimaging concentrators are used at the capturing stage. To capture sunlight, various concentrating optical elements have been used, such as parabolic mirror, Fresnel lens, parabolic trough, and nonimaging concentrators [5] . Efficiency of such systems depend on the concentration level and optical reflectance and transmittance of reflector and lens, respectively. Typically, the collector is installed on the roof of a building. To transport sunlight from outdoor to indoor, mainly two methods are used, such as light pipe and optical fiber ( Fig. 1 ) [6] [7] [8] . Sunlight is captured and inserted into the light pipe and then transported to the interior by reflections inside the light pipe. Both light pipe and optical fiber have been widely used for solar energy applications. Light is transmitted through optical fiber by total internal reflection, which makes the fiber highly efficient.
Daylighting system should be simple and cost-effective to follow the need of the market. The simplest method to deliver daylight to each floor of the multi-floor building has been demonstrated using lightwell where light is transported in the free space without any light transportation media [9] . It was found that the top three floors received sufficient daylight showing daylight factors (DFs) greater than 2% while DFs for lower three floors were lower than the recommended value of 2%. Fiber-based daylighting systems used plastic optical fiber and glass optical fiber to transmit daylight at deep inside the building [10] [11] [12] . To increase light illuminance, a concentrator, such as parabolic reflector or Fresnel lens, was used that transmited high intensity light into the fiber. A comparison analysis of different fiber based daylighting systems was presented in [13, 14] . In [15] , performance of two daylighting systems using optical fiber and light pipe were compared. A transparent dome cover was used at the inlet of light pipe where a greater number of lumens was available at a higher solar altitude. Further, using a tracking solar dish, more daylight was harvested than that of light pipe for solar altitudes of less than 50 degrees. It was concluded that illuminance uniformity ratio varies more in light pipe system than fiber system.
Electric lighting energy was reduced in farm animal production using daylight transmission through light pipe [16, 17] . Light pipe designs gave better results with a tilt angle of 6 degree, which was achieved through simulation [18] . HOLIGILM tools was used to check performance of different light pipes in different climate zones [19] . Light well was used to transmit daylight to attached rooms where performance of different sizes of light well was investigated [20] . In [21] , a heliostat was used to capture and redirect the light into the light pipe, which was made of prismatic film, through Fresnel lens and reflectors. A study was conducted to provide equal amount of light at each floor of a multilevel building using vertical light pipe [22] . Experimental analysis of a light pipe supporting side apertures to illuminate multi-levels of a building was conducted where an average illuminance of 80 lux and 532 lux was achieved [23] . It was concluded through experiments that light pipe enhanced daylight levels in the indoor providing significant variations due to incident sunlight angles. Further, different active and passive components have been used to enhance performance of daylighting systems [24, 25] . Core sunlighting system has been commercialised providing daylight to illuminate core of a building using active and passive components at the inlet side and light guide for light transmission and distribution [26] . To meet the illuminance standards, light control is essential to provide the required light levels.
This research presents the optical raytracing simulation of the proposed daylighting design using LightTools ® optical-simulation tools [27] [28] [29] [30] . Mechanical and optical components are designed, analysed, and verified. Light losses due to mechanical and optical components are also considered calculating efficiency of the system. Objective of this study is to provide daylight at multi levels of a building. To achieve the objective, heliostats are used to capture the light and increased concentration level and then light pipe transported the light to each floor. Both heliostats and light pipe make the system cost-effective than that of parabolic reflector and optical fiber based systems [13] . Light is distributed at each floor through the prismatic light guide. The proposed system guarantees to deliver sunlight deep into the core of the multi-floor building. Further, this research improves efficiency of the light pipe-based daylighting system.
Light collector
Daylighting systems are integrated with buildings that result energy saving and provide high quality illumination. A daylighting system collects sunlight through mirrors and lenses and transmits the light inside the core of the building providing illumination and visual comfort. Various collectors have been presented in the literature, such as parabolic mirror, Fresnel lens, etc. All these active concentrator-based systems needed perfect optics and a precise sun-tracking to achieve high efficiency.
Light collector included heliostats having two-axis sun-tracking and a flat circular mirror. Heliostats were made of circular flat mirrors that reflected the incident light toward a central flat mirror placed at upstream of light pipe that reflected the light inside the light pipe. Due to reflections inside the light pipe, light was transmitted to multi-levels of the building. A redirecting mirror at the ceiling of each floor inserted the light into the light guide, which distributes the light uniformly. Block diagram of the proposed heliostats daylighting system presenting flow of simulation is shown in Fig. 2 .
Circular flat mirror was placed at the center, upstream of the light pipe, while heliostats were mounted in four different circles of radii r1, r2, r3, and r4, as shown in Fig. 3 . While arranging heliostats, it was considered to minimize the shadow due to neighboring heliostats. The circular flat mirror was tilted 10.12° with respect to the ground axis for inserting maximum concentrated light into the light pipe. To illuminate an area of 5×50 m 2 , area of five floors, fourteen heliostats were used. The length of the light pipe was 19.9 m to illuminate five floors of the building. Diameters of the circular flat mirror and heliostat were 1 m and 0.7 m, respectively (Table 1 ). In Fig. 3 , α and are the line angles with respect to ground axis where heliostats were placed in different circles. Each heliostat had a sun tracking module to reflect the incident light towards the circular flat mirror at all daylight hours.
The maximum concentrated light was inserted into the light pipe by
where Dl is the diameter of the light pipe and Df is the diameter of the flat circular mirror. The optical transmittance of the light pipe can be calculated by [31] =
where R is the reflectivity of the light pipe, l is the length of the light pipe, θ is the angle of incidence of the illuminating radiation with respect to the axis of the light pipe, and deff is the effective diameter.
Light guide for indoor illumination
Uniform light distribution has been an important consideration in different light applications. In this study, a light guide was used to distribute the light in the interior. A prismatic optical lighting film and multilayer optical film were used to develop the light guide, as shown in Fig. 4 [32] . Optical lighting film had a thickness of 0.508 mm and transmittance and reflection of 99% [33] . Multilayer optical film had a reflection of 97% [34] . The purpose of using this light guide was to illuminate core region of the [35, 36] . In this study, a standard 4 m floor-to-floor height and a ceiling height of 2.74 m was used, as shown in Fig. 5 .
Simulation
The system was designed for the site located at a latitude of 31.5° and a longitude of 74.3°, Lahore, Pakistan. The outdoor illuminance was measured at different daylight hours using Lux meter [38] (Fig. 6 ) on May 30, 2019. The measured illuminance values were rounded off for using them in simulation software and calculating lumens, as shown in Table 2 . Outdoor illuminance at 9 am, 10 am, and 11 am were almost similar to illuminance at 3 pm, 2 pm, and 1 pm, respectively. Simulation was performed in LightTools ® optical-simulation software. For real implementation, heliostats achieved direct light using sun-tracking while a collimated light source was designed in the simulation to get collimated light. First, the outdoor illuminance was measured and lumens were calculated to simulate the optical system by [37] = dF (4) where E is the measured illuminance, dF is the input luminous flux in lumens, and dS is the area of the concentrator. All the optical modules, such as heliostats, central mirror, light pipe, prismatic film, and optical light film were designed and verified using raytracing simulation. Transmittance and reflection of all optical modules were set in the simulation to get realistic results. All losses were considered in the simulation to analyse the performance of all optical modules. For the raytracing simulation, 0.2 million rays were set as the input parameter. The light transmission efficiency of the light pipe can be calculated as [18] 
Results
A raytracing diagram representing how the light was collected and inserted into the light pipe is shown in Fig. 7(a) . The main purpose was to insert maximum concentrated light into the light pipe. For this purpose, diameter of the heliostat was kept smaller than the diameter of the flat circular mirror, which received rays from
heliostats. An example presenting lost rays because of suntracking error is shown in Fig. 7(b) . Since an independent suntracking module is installed with each heliostat, if a sun-tracking error occurs, most of the rays are lost. Illuminance at the inlet of the light pipe illustrating uniform distribution is shown in Fig. 8 . Because of uniform illuminance inside the light pipe, it was easier to redirect the light to each floor. High illuminance was achieved because the light was concentrated from fourteen heliostats. Illuminance level could be increased or decreased by increasing or decreasing the heliostats, respectively. Raytracing for single-story building is shown in Fig. 9 . Here, all the light was transmitted to the single floor. High illuminance was achieved because of small length of light pipe and small distribution area compared to the multi-floor building. A bent light pipe was used to transmit all the light towards light guide for distribution. It should be noted that light redirecting mirror inside the light pipe was not used for single floor building. 3D view of multi-floor building comprising daylighting system is shown in Fig. 10(a) . Raytracing for the multi-floor building is performed to check illuminance levels at different floors, as shown in Fig. 10(b) . The Illuminance distribution at top floor was measured at different daylight hours, and an average illuminance of 930 lx was achieved at 12 pm, as shown in Fig. 11 . It could be seen that nearly uniform illuminance level was achieved. Similarly, simulations were conducted to measure illuminance levels at different times of the day for all floors, as shown in Fig. 12 . High average illuminance was achieved at top floor while lower floors achieved less illuminance.
Discussion
In the proposed design, number of heliostats were fixed; however, for getting higher illuminance levels on all floors, heliostats could be increased. The arrangement and size of both the circular flat mirror and the light pipe will be changed. A flat redirecting mirror was used to transmit the light into the light guide. For uniform light transmission to all floors, the design of redirecting mirror should be improved. The illuminance was decreased if number of floors are increased because of high losses of the light pipe and simple design of the redirecting mirror.
In the simulation, reflection of walls and floor are not considered. The light distribution included the light that hit the floor from the light source (light guide); however, the results will be improved by considering reflection parameters of walls and floor.
Since large number of heliostats were not used in the literature, simulations of the proposed design were conducted for presenting results of the initial phase. Further improvements will be performed and presented in the near future.
Conclusions
The primary focus of this research was to illuminate the interior of a multi-floor building during daylight hours. For this purpose, heliostats were used to capture and concentrate the sunlight for delivering it to five floors of the building. A light pipe was used for transmitting the light to all floors. Both the heliostats and the light pipe made the daylighting system cost-effective. A light guide was designed using reflective ad prismatic films for distributing the light in the interior of the building. Raytracing simulation was performed for calculating the efficiency and evaluating the system. In the simulation, a collimated light source illuminated heliostats that reflected the light towards the flat mirror where the light was concentrated and reflected inside the light pipe, which transmitted the light to all floors. A redirecting mirror at the inlet of the light guide inserted the light into the light guide. Illuminance distribution on the floor was shown and it was found that five floors of the building were illuminated with different illumination levels. An average illuminance of 930 lux was achieved on the top floor at 12 pm. The illuminance value was decreased as the distance of light pipe increased. It was found that an efficiency of 40% was achieved with almost uniform illumination in the interior. It was observed that the illuminance on the floor decreased as the length of the light guide increased, and higher illuminance was observed near the inlet side.
